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(si) Method of manufacturing p-type compound semiconductor. 



(g) A method for manufacturing a III-V Group 
compound or a IWV1 Group compound semicon- 
ductor element by VPE, comprising the step of 
annealing a grown compound at 400°C or high- 
er, or electron beam irradiating the grown com- 
pound at 600°C or higher. 
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The present invention relates to a method of 
manufacturing a ll-VI Group compound semiconduc- 
tor device and a lll-V Group compound semiconduc- 
tor device used as a light-emitting device, for exam- 
pie, a UV-emittlng laser diode, blue light-emitting las- s 
er diode, UV-emltting diode, or blue light-emitting di- 
ode and more specifically, to a method of manufac- 
turing a low-resistance p-type compound semicon- 
ductor from a lll-V Group compound semiconductor 
and a ll-VI Group compound semiconductor from by 10 
doping p-type compounds thereinto as impurities. 

Studies on blue light-emitting elements have 
been generally conducted using ZnSe, which Is a II- 
VI Group compound, SlC r a IV-IV Group compound, 
or GaN, a lil-V Group compound. 15 

Of the types of compounds mentioned above, it 
was recently found that a gallium nitride series com- 
pound [GaxAf^xN (where 0 sfi x £ 1)] semiconductor 
exhibits excellent semiconductor light emission at 
room temperature, and therefore much attention is 20 
now being paid to the GaN series semiconductor. 

A blue light-emitting basically has a structure in 
which n-type, and l-type or P-type GaN series semi- 
conductors each represented by general formula Ga^ 
A£,. X N (where 0Sx^1) are stacked in turn on a sap- 25 
phire substrate. 

There are several well-known methods for grow- 
ing a lll-V Group compound, such as themetalorganic 
chemical vapor deposition (MOCVD) method, the 
molecular beam epitaxy method, and the hydride va- so 
por phase epitaxy method. As an example, the 
MOCVD method wilt be briefly described. In this 
method, a metalorganic compound gas serving as a 
reaction gas (for example, trimethyl gallium (TMG), 
trimethyl aluminum (TMA), or ammonium) Is Intro- 35 
duced into a reaction container (vessel) in which a 
sapphire substrate is placed. Then, while maintaining 
the epitaxial growth temperature as high as 900°C- 
1100°C, an epitaxial film of a Ill-V Group compound 
is grown on the substrate. By supplying suitable im- 40 
purity gas during the growth of the film according to 
circumstances, a multilayer made of the n-type and p- 
type lll-V Group compound semiconductors can be 
manufactured. In general, SI is a well-known n-type 
impurity; however in the case of a GaN series com- 45 
pound semiconductor, there Is a tendency for the 
semiconductor to exhibit the n-type characteristics 
even without doping an n-type impurity. Some of the 
well-known examples of p-type impurities are Mg and 
Zn. so 

There can be proposed a method described be- ' ■ 
low, as an improved version of the MOCVD method. 
When a lll-V Group compound semiconductor is di- 
rectly epitaxial-grown on a sapphire substrate at a 
high temperature, the surface condition of the crys- 55 
tals, and the crystallinity will be extremely degraded. 
In order to avoid this, before the compound is grown 
at the high temperature, an Af N buffer layer is formed 



on the substrate at a temperature as low as about 
600°C, and then the compound is grown on the buffer 
layer at a high temperature. The fact that the crystal- 
linity of GaN can be remarkably improved by the 
above-mentioned technique is disclosed in Published 
Unexamined Japanese Patent Application No. 2- 
229476. Meanwhile, the authors of the present inven- 
tion disclosed in Japanese Patent Application No. 3- 
89840, prior to the present application, that a gallium 
nitride compound semiconductor having a better crys- 
tallinity can be formed when a GaN buffer layer is 
used than when a conventional A2 N buffer layer is 
used. 

However, a blue light-emitting device employing 
a blue-color-emitting element including a GaN series 
compound semiconductor has not yet been devel- 
oped as a practical device. This is because p-type III- 
V Group compound semiconductor having a suffn 
ciently-low-resistance cannot be produced by any of 
the conventional techniques, and therefore a light- 
emitting element having various types of structure 
such as p-type double hetero, single hetero. etc. can- 
not be manufactured. In the case where an epitaxial 
film is formed by the conventional chemical vapor de- 
position method, even if the film is grown while dop- 
ing p-type impurities, it Is Impossible to make lll-V 
Group compound semiconductor characteristic p-ty- 
pe. And also a semi-Insulation materia! having a high 
resistivity of 10 8 Ocm or higher, i.e.; an i-type semi- 
conductor may be obtained. Consequently, at pres- 
ent, the blue-light-emitting element having a structure 
of the p-n Junction diode cannot be achieved, but a so- 
called MIS structure is the only one known structure 
for the blue-color-emitting element, in which struc- 
ture, a buffer layer, an n-type film, and an l-type film 
are formed on a substrate in the mentioned order. 

Published Unexamined Japanese Patent Appli- 
cation No. 2-257679 discloses a method for reducing 
the resistance of a high-resistance, i-type semicon- 
ductor as little as possible to convert into a type dose 
to a p-type one. In this method, a high-resistance i- 
type GaN compound semiconductor layer into which 
Mg was doped as a p-type impurity Is formed on the 
top of the multilayer of the GaN compound semicon- 
ductor. Then, while maintaining the temperature of 
the compound not higherthan 600°C. electron beams 
having an acceleration voltage of 5 kV- 15 kV are ir- 
radiated on the surface so as to reduce t he resistance 
of the layers located in the surface portion within a 
depth of about 0-5 um. However, with this method, re- 
duction of the resistance can be achieved only up to 
the point where electron beams can reach i.e. a very 
thin surface portion. Further, in the method, the elec- 
tron beams cannot be irradiated on the entire wafer 
while scanning the beams, and consequently the re- 
sistance cannot be uniformly reduced in the desired 
surface. Further, this method entails the problem of 
a very low reproducibility, i.e., the resistance value 
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changes every time electron beam is irradiated to the 
same sample. With this method, it is impossible to 
constantly produce blue-light-emitting elements hav- 
ing a high efficiency. 

Study is being directed not only to III-V Group 
compounds, but also to ll-VI Group compounds in or- 
der that they can be put into practical use. As in the 
case of the GaN compound production method, the 
chemical vapor deposition method such as the 
MOCVD can be used to form a H-Vl Group compound 
semiconductor. 

Growth of ZnSe by the MOCVD method will be 
briefly described. In this method, an metalorganic 
compound gas (diethyizlnc (DE2), hydrogen selenide 
(H2Se), etc.) is introduced as reaction gas into a re- 
action vessel in which a GaAs substrate is placed. 
Then, while maintaining the epitaxial growth temper- 
ature at about 350°C, ZnSe is grown on the substrate. 
During the growth, an appropriate impurity gas is sup- 
plied to the vessel to form an n-type or p-type ZnSe 
semiconductor. Examples of the type of substrate are 
GaAs and ZnSe. Further, C? is a well-known n-type 
impurity, and N is also the well-known p-type impurity. 

However, as in the case of the before-mentioned 
p-type GaN compound, a sufficiently low-resistance 
p-type ZnSe compound cannot be produced by this 
conventional technique, and therefore alight-emitting 
element having various types of structure such as 
double hetero, single hetero, etc. cannot be manufac- 
tured. In the case where eptaxial-growing is per- 
formed by the conventional chemical vapor deposi- 
tion method while doping p-type impurities, the ob- 
tained ZnSe compound semiconductor will be a com- 
pound having a high resistivity of 10* Ci-cm or higher. 

The purpose of the invention is to provide an im- 
provement of a method of manufacturing a semicon- 
ductor element from a II-VI group compound, or lll-V 
group compound, which can be obtained by doping a 
p-type impurity thereto, more specifically to a method 
of manufacturing a low-resistivity p-type GaN com- 
pound semiconductor element having an uniform re- 
sistance value over its entirety regardless of film 
thickness, and having a structure usable as a light- 
emitting element with a double or single hetero con- 
stitution. 

According to the first aspect of the invention, 
there is provide a method of manufacturing a p-type 
Hl-V Group compound semiconductor element by a 
vapor phase epitaxy method, comprising the steps of: 
eptaxial-growing a IH-V Group compound by 
introducing a reaction gas containing a p-type impur- 
ity on a substrate; and 

annealing the compound at a temperature of 
400°C or higher. 

According to the second aspect of the invention, 
there is provided a method of manufacturing a p-type 
lll-V Group compound s miconductor element by a 
vapor phase epitaxy method, comprising th steps of: 



growing a lll-V Group cdmpound by Introduc- 
ing a reaction gas containing a p-type impurity on a 
substrate; and 

irradiating electron beams on the compound 
5 while maintaining a surface temperature of the com- 
pound at 600°C or higher. 

According to the third aspect of the invention, 
there is provided a method of manufacturing a p-type 

II- VI Group compound semiconductor element by a 
10 chemical vapor deposition method, comprising the 

steps of: 

growing a II-VI Group compound by introduc- 
ing a reaction gas containing a p-type impurity on a 
substrate; and 

is annealing the compound at a temperature of 

300°C or higher. 

According to the fourth aspect of the invention, 
there is provided a method of manufacturing a p-type 

III- V Group compound semiconductor element by a 
20 vapor phase epitaxy method, comprising the steps of: 

growing a II-VI compound by Introducing a re- 
action gas containing a p-type impurity on a sub- 
strate; and 

irradiating electron beams on the compound 
25 while maintaining a surface temperature of the com- 
pound at 300°C or higher. 

With the method recited in the invention, lll-V 
Group compound semiconductors and II-VI com- 
pound semi-conductors, which conventionally cannot 
so be converted into low-resistance p-type semiconduc- 
tors even though p-type impurities are doped there- 
into, can be converted into low-resistance p-type 
semiconductors with high yield. Accordingly, ele- 
ments having a various types of structure can be pre- 
ss ducedatahighyield. 

Further, with the conventional electron-beam ir- 
radiation method, reduction of the resistance can be 
achieved only in the surface portion of the uppermost 
layer. In the invention, the entire portion of the p-type 
40 -impurity-doped lll-V Group compound semiconduc- 
tor or the II-vl Group compound semiconductor can 
be converted into p-type, uniformly within the surface 
area as well as in the thickness direction. In addition, 
it is possible to form thick layers of these semicon- 
45 ductors by this method, and therefore blue-light or 
green-light emitting elements wfth a. high level of 
brightness can be manufactured. 

This invention can be more fully understood from 
the following detailed description when taken in con- 
so junction with the accompanying drawings, in which; 

Fig. 1 is a graph showing the relationship be- 
tween the temperature for annealing and the re- 
sistivity of a compound annealed at the temper- 
ature; 

55 Fig. 2 is a graph showing the relationship be- 

tween the wavelength and the relative intensity 
of the photoiuminescence of the compound sem- 
iconductor; 
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Fig. 3 Is a graph showing the r lationship be- 
tween the wavelength and the relative intensity 
of the photoluminescence of a compound semi- 
conductor having a cap layer; 
Fig. 4 Is a graph showing the relationship be- 
tween the surface temperature of a UI-V Group 
compound semiconductor layer during electron- 
beam irradiation and the resistivity thereof an- 
nealed at the temperature; 
Fig. 5 is a graph showing the relationship be- 
tween the surface temperature of a p-type lll-V 
Group compound semiconductor during electron- 
beam irradiation end the relative intensity of the 
photoluminescence of the compound semicon- 
ductor irradiated at the temperature; 
Fig. 6 is a graph showing the relationship be- 
tween the surface temperature of a p-type III-V 
Group compound semiconductor having a cap 
layer during electron-beam irradiation and the 
relative intensity of the photoluminescence of the 
compound semiconductor irradiated at the tem- 
perature; and 

Fig. 7 is a graph showing the relationship be- 
tween the annealing temperature of a p-type im- 
purity doped ZnSe compound semiconductor lay- 
er and the resistivity thereof annealed at the tem- 
perature. 

The present invention is provided to an improved 
method of manufacturing a p-type compound semi- 
conductor. 

According to the present invention a Ili-V Group 
compound semiconductor or a 1 1- VI group compound 
semiconductor can be manufactured as a p-type com- 
pound semiconductor. 

Further, according to the Invention, each layer of 
the compounds Is formed by the vapor phase epitaxy 
method, and then the formed layer is annealed at a 
predetermined temperature, while each layer is irra- 
diated by electron beam on the layer, with being kept 
the surface temperature of the layer at a predeter- 
mined temperature. 

The first aspect of the invention Is provided to a 
method of manufacturing a p-type impurity doped III- 
V Group compound semiconductor by a vapor phase 
epitaxy method, wherein after forming p-type impur- 
ities doped compound layers, the formed layers are 
annealed at a predetermined temperature. 

In this method, the annealing step is carried out 
at a temperature of 400°C or higher. The annealing 
temperature is preferably 600°C-1200°C. The anneal- 
ing can be performed at over 1200°C, but this may 
cause high cost. In the annealing step, the tempera- 
ture within the above-mentioned range is fixed con- 
stant, and the time is not less than 1 minute, prefer- 
ably 1 0 minutes or more. 

Even if the annealing temperature is 1000°C or 
higher, decomposition of the compound can b pre- 
vented by pressurizing the compound with nitrogen. 



Thus, p-type Hl-V Group compound semiconductors 
each having an excellent crystallinity can be stably 
obtained. 

Fig. 1 shows a property of a p-type-impurity-dop- 

5 ed GaN series compound semiconductor as a III-V 
Group compound semiconductor, and Is a graph 
showing the relationship between an annealing tem- 
perature and the resistance value of the GaN series 
compound semiconductor annealed at the tempera- 

10 ture. As can be seen in Fig. 1,the high-resistivity GaN 
series compound semiconductor can be converted 
Into a low-resistivity p-type impurity compound semi- 
conductor by annealing. In the graph, the resistivity 
obtained by the Hall measurement on the annealed 

15 GaN series compound semiconductor Is plotted as a 
function of the annealing temperature. The used GaN 
series compound semiconductor was formed by 
growing a GaN buffer layer on a sapphire substrate 
by the MOCVD method, followed by formation of a 4 

20 uirt-thick GaN layer on the buffer layer while doping 
Mg thereinto as a p-type impurity. The data plotted on 
Fig. 1 were obtained as results of annealing the sub- 
strate having these layers in a nitrogen atmosphere 
for 10 minutes at various temperatures using an an- 

25 nealing equipment 

As Is clear from this graph, !the resistivity of the 
Mg-doped GaN layer sharply dropped around the 
point where the temperature exceeded 400°C- When 
the temperature was increased to higher than 700°C, 

30 the GaN layer exhibited a substantially constant low- 
resistivity p-type property, indicating the effect of an- 
nealing. For comparison, the Hall measurement was 
carried out for a GaN layer before annealing and after 
annealing at 700°C or higher. Before annealing, the 

35 GaN layer had a resistivity of 2 x 1 0 5 n-cm and a hole 
carrier density of 8 x 1 0 10 /cm 3 , whereas after anneal- 
ing, the layer had a resistivity of 2 fi-cm and a hole 
carrier density of 2x 10 17 /cm 3 . Fig. 1 shows a case of 
onlytheGaN layer, but itwas confirmed that a p-type- 

40 impurity-doped Ga^Af,.^ (Osix 1) also exhibits a 
similar result 

Next, the 4 um-thick GaN layer annealed at 
700°C was etched to reduce the thickness thereof to 
2 um, and the Hall measurement was performed for 

45 the GaN layer. The result indicated thatthe GaN layer 
had a resistivity of 3 n.cm and a hole carrier density 
of 2 x lO^/cm 3 , which were very close to those of the 
same GaN layer before etching. From the results, it 
can be concluded that a p-type impurity doped GaN 

50 layer having an uniform low resistivity in the entire 
area and in the thickness direction, is-obtained by an- 
nealing, i 

Annealing of the p- type-impurity-doped GaN ser- 
ies compound semiconductor layer may be conduct- 

55 ed in the reaction vessel after forming the layer, or in 
an annealing equipment after transferring the sub- 
strate having the compound semiconductor layer 
from the reaction vessel thereinto. 
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The annealing may be carried out in a vacuum, or 
In an N 2 atmosphere, or in an inert gas atmosphere 
of He, Ne, Ar orthe like, or an atmosphere of a mixture 
gas thereof. Most preferably, the annealing should be 
performed In a nitrogen atmosphere which is pressu- s 
rized to a level or higher of the decomposition pres- 
sure for the GaN compound semiconductor at the an- 
nealing temperature. With the nitrogen atmosphere 
pressurizing the GaN compound semiconductor, de- 
composition and the compound and split-off of N 10 
therefrom during annealing can be prevented. 

For example, in the case of GaN, the decompo- 
sition pressure is about 0.01 atom at a temperature of 
800°C, about 1 atom at 1000°C, and about 1 0 atoms 
at 1 1 00°C. Consequently, the GaN series compound 1 5 
semiconductor is annealed at4O0°C, some decompo- 
sition may occur during annealing at 400°C. (f decom- 
position occurs, the crystal! in Ity of the GaN com- 
pound semiconductor tends to be degraded. There- 
fore, as stated before, the decomposition can be pre- 20 
vented by maintaining a pressure of the nitrogen at- 
mosphere no lower than the decomposition pressure 
at the annealing temperature. 

Fig. 2 Is a graph showing the difference in crys- 
tai Unity between GaN series compound semiconduc- 25 
tors as Hi-V Group compound semiconductors one of 
which annealed under a pressurized condition and 
the other under an atmospheric pressure condition. 
Each GaN series compound semiconductor Is pre- 
pared by forming a GaN buffer layer and a Mg-doped 30 
4 um-thick GaN layer on sapphire substrate, and an- 
nealing at 1000°C in a nitrogen atmosphere for 20 
minutes under 20 atm of a pressurized condition, or 
in an atmospheric pressure condition. The p-type 
GaN layers were Irradiated with He-Cd laser beams 35 
from He-Cd laser beam source as an excitation light 
beam source, so as to measure the intensity of pho- 
toluminescence as an evaluation of the crystallinity. 
The evaluation is based on the fact, I.e., the higher 
the blue-light-emltting intensity of the photolumines- 40 
cence at 450 nm, the higher the crystallinity. In Fig. 
2, a curve 201 indicates the property of the p-type 
GaN layer annealed under a pressure of 20 atoms, 
and a curve 202 indicates the case of annealing at at- 
mospheric pressure. 45 

As Is clear from Fig. 2, In the case where anneal- 
ing is carried out at a temperature of 1 000°C or higher, 
a GaN layer is decomposed by heat to tend to be de- 
graded the crystallinity. However, such heat decom- 
position can be avoided by pressuring the GaN layer, so 
and this a p-type GaN layer having a good crystallinity 
can be obtained. 

The GaN series compound is preferably repre- 
sented by general formula Ga x A£ x n (where O^xi 
1), or represented by general formula InyGa^yN 55 
(where 0^yS1). 

Moreover, a cap layer may be formed on the p- 
type-impurity-doped GaN series compound semicon- 



ductor layer before annealing so as to prevent decom- 
position of the GaN comp und during annealing. The 
cap layer serves as a protective layer. If the cap layer 
is formed on the compound semiconductor followed 
by annealing the compound semiconductor at 400°C 
orhigher, decomposition thereof can be avoided even 
if annealed, not only in a pressurized state, but also, 
a pressured-reduced condition, or atmospheric con- 
dition. Thus, a p-type GaN compound semiconductor 
having a iow resistivity and a high crystallinity can be 
obtained. 

The cap layer may be formed in the reaction ves- 
sel following forming the p-type-impurity-doped GaN 
series compound semiconductor. Or the substrate 
having the GaN series compound semiconductor may 
be transferred from the reaction vessel into a crystal 
growing method such as a plasma CVD device or the 
like, so as to form a cap layer on the semiconductor. 

The cap layer may be made of an arbitrary mate- 
rial as long as it is formabie on the GaN compound, 
and stable even at a temperature of 400°C or higher. 
Preferable examples thereof are GajKE (where 0 
^ x ^ 1 ), Gayln t . y N (where Osysl), Sl 3 N 4 , and Si0 2 . 
Which is the most preferable material depends upon 
the annealing temperature. 

Usually, the cap layer should have a thickness in 
the range of about 0.01-5 um. if the cap layer is thin- 
ner than 0.01 u,m, the advantage as a protection layer 
cannot be sufficiently obtained, whereas if thicker 
than 5 um, it takes a lot of work to remove the layer 
to expose the p-type GaN series compound semicon- 
ductor after annealing, I.e., not economical. With the 
conventional electron beam irradiation method, GaN 
in the uppermost layer is decomposed, degrading the 
crystallinity, and therefore sufficiently bright light 
cannot be expected from the manufactured blue-light 
emitting element. However, such decomposition of 
GaN can be effectively prevented by the cap layer, 
blue-light emitting elements each having a high 
brightness can be manufactured at a high yield. 

The substrate may be made of, other than sap- 
phire. SiC, SI, or the like. 

Examples of the p-type Impurity are Zn, Cd, Be, 
Mg, Ca, and Ba. 

Fig. 3 is a graph showing comparison with regard 
to crystallinity between a cap-layered GaN compound 
semiconductor and an ordinary GaN series com- 
pound semiconductor having no cap layer. As can be 
seen in this figure, a GaN series compound semicon- 
ductor having a GaN buffer layer and a 'Mg-doped 4 
um-thick GaN layer formed on a substrate (curve 
301) and the GaN series compound semiconductor 
further covered by a 0.5 um-thick AM layer as the 
cap layer (302) are compared with each other. Each 
of the semiconductors was prepared by annealing it 
in a nitrogen atmosphere of atmospheric pressure at 
1000°C for 20 minutes, and etching the cap layer 
therefrom to expos th GaN series compound sem- 



5 



9 



BP 0 541 373 A2 



10 



Iconductor. Then, the* Intensity of photoluminescence 
of each semiconductor was measured. 

As shown In Fig. 3, in the p-type GaN layer an- 
nealed without a cap layer, the compound is decom- 
posed greatly in high-temperature annealing (see s 
curve 301), resulting In a low intensity of light emis- 
sion at 450 nm. On the other hand, in the cap-layer- 
formed (A? N layer) p-type GaN layer, decomposition 
occurs only to Af N of the cap layer, and the p-type 
GaN layer remains; therefore the light emitting inten- 10 
sity is maintained as high as a level of not deconposed 
low sensitivity p-type GaN. 

The reason why a low-resistivity p-type GaN ser- 
ies compound semiconductor can be obtained by an- 
nealing is assumed as follows: 15 

For growing a GaN series compound semicon- 
ductor layer, NH 3 is generally used as an N source. 
During the growth, NH 3 is decomposed to atomic hy- 
drogens. These hydrogen atoms bond to Mg, 2n, or 
the (ike doped as an acceptor impurity to prevent the 20 
p-type impurity from acting as an acceptor. Therefore, 
a GaN compound semiconductor into which a p-type 
impurity is doped exhibits a high resistivity. 

However, during annealing after growth of the 
layers, hydrogen bonded to Mg or Zn In the form of 2s 
Mg-H or Zn-H Is released therefrom by heat. Thus, hy- 
drogen leaves the p-type-impurity-doped GaN series 
compound semiconductor, and the p-type impurity 
such as Mg orZn now free from hydrogen can act nor- 
mally as an acceptor. Accordingly, a low-resistivity p- 30 
type- GaN series, com pound semiconductor can be 
obtained. For the reason stated above, use of a gas 
containing hydrogen atoms such as NH 3 , H 2 , or the 
like during an annealing atmosphere is not preferable. 
For the same reason as above, materials containing 35 
hydrogen should not be used for the cap layer 

The second aspect of the invention is provided to 
a method of manufacturing a p-type-impurity-doped 
gallium nitride series compound semiconductor rep- 
resented by a vapor phase epitaxy method, in which 40 
after growing a p-type impurity doped compound 
semiconductor layer, electron beams are irradiated 
on the semiconductor layer while maintaining the sur- 
face temperature thereof at 600°C or higher. 

For electron beam irradiation, used may be an 45 
electron beam irradiation equipment (for example, 
SEM) having a sample chamber, and a heating stage 
placed in the chamber. The irradiation may be carried 
out while heating by such as a heaterthe p-type GaN 
series compound semiconductor so as to maintain so 
the surface temperature thereof at 600°C or higher. 
Otherwise, the compound semiconductor may be ir- 
radiated with electron beams of an acceleration vol- 
tage in the range of 1 kV- 30 kV to maintain the sur- 
face temperature of the p-type GaN series compound 55 
semiconductor at 600°C or higher. 

Fig. 4 is a graph showing the relationship be- 
tween the surface temperature of the GaN series 



compound semiconductor and the resistivity in the 
case where the compound semiconductor is treated 
with electron beam irradiation. The GaN series com- 
pound semiconductor layer employed had the struc- 
ture in which a GaN buffer layer was formed on a sub- 
strate, and an Mg-doped p-type GaN layer was 
formed on the buffer layer. Thus obtained p-type-im- 
purity-doped GaN series compound semiconductor 
layer was irradiated with electron beams having an 
acceleration voltage of 15 kV. During the irradiation, 
the temperature of the heating stage was varied, and 
the surface temperature of the p-type GaN layer was 
measured by a pyrometer. The measured tempera- 
tures and corresponding resistivities are plotted in 
the graph shown in Fig. 4. As is clearfrom Fig. 4, when 
the surface temperature of the semiconductor layer 
was somewhere between room temperature and 
400°C, the resistivity was as high as 106 fj-cm. 
Around a surface temperature of 400°C, the resistiv- 
ity began to decrease rapidly, and at 700°C, it was as 
low as 2.0 n-cm. At600°C, the resistivity was still as 
high as 200 n-cm, and naturally, under 600°C, the re- 
sistivity was higher. In order to avoid this, the surface 
temperature of the GaN series compound semicon- 
ductor during electron beam irradiation should be In 
the range of 600°C -1200°C. The Irradiation can be 
performed at over 1200°C t but this may cause high 
cost. As stated above, according to the second aspect 
of the invention, there can be provided a stable low- 
resistivity p-type GaN series compound semiconduc- 
tor layer at a high yield. 

In the meantime, if the electron beam irradiation 
is carried out at a temperature of 600°C or higher, de- 
composing is occurred in the surface portion of the 
GaN series compound semiconductor to form a num- 
ber of nitrogen vacancies, degrading the crystallinity 
of the semiconductor layer. In order to explain this 
phenomenon, Fig. 5 shows the relationship between 
the surface temperature of the p-type GaN series 
compound semiconductor layer during the electron 
beam irradiation and the intensity of photolumines- 
cence. Here, onto a p-type GaN layer formed on a 
substrate, electron beam irradiation with various spot 
diameters Is carried out so as to gradually raise the 
surface temperature of the p-type GaN layer. Further, 
at several predetermined temperatures, He-Cd laser 
beams were Irradiated on the p-type GaN layer, and 
the photoluminescence Intensity at 460 nm was 
measured at each temperature. Thus, Fig. 5 is a graph 
showing the intensity of photoluminescence as a 
function of the surface temperature of the GaN com- 
pound. 

As is clear from the figure, when the temperature 
exceeds 600°C. the Intensity of blue-light emission 
gradually decreases. The reason why the intensity of 
the blue-light emission decreases is that the crystal- 
linity of the semiconductor is degraded due to decom- 
position of GaN in the surface portion. Naturally, a 
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blue light-emitting element formed using a sample 
having such a low intensity of light emission does not 
emit bright light 

In consideration of the above, the authors of the 
present invention found that decomposition of p-type 5 
GaN during electron beam irradiation can be prevent- 
ed by providing a cap layer on the surface of the p- 
type GaN layer. The cap layer serves as a protection 
layer for the p-type GaN series compound semicon- 
ductor. 10 

The material of this cap layer is arbitrary as Jong 
as itisformable on the surface of the p-type GaN lay- 
er and fairly stable ata temperature of 600°C or high- 
er. Preferable examples of the material are Ga^Af ,„ X N 
(OSxS 1), InyGa^yN (Osys 1), SIO2, SI 3 N 4i etc. is 
Usually, the cap layer should have a thickness in the 
range of about 0.01-5 ujt», preferably 0.01-1 urn. If the 
cap layer is thinner than 0.01 urn, the advantage as 
a protection layer cannot be sufficiently obtained, 
whereas if thicker than 5 um, it takes a lot of work to 20 
remove the layer to expose the p-type GaN series 
compound semiconductor after annealing, i.e., not 
economical. 

Fig. 6 is a graph showing the relationship be- 
tween the surface temperature of a cap-fayer-provld- is 
ed p-type GaN series compound semiconductor, and 
the intensity of photoluminescence In the case where 
the semiconductor is treated by electron beam irra- 
diation. A 0.1 um-thick SiOj layer was formed on the 
p-type GaN compound semiconductor as a protection 30 
layer, and electron-beam irradiation was carried out 
to the compound semiconductor through the cap lay- 
er. Then, the cap layer was removed by etching, and 
the photoluminescence Intensity of the exposed p-ty- 
pe GaN layer was measured. The graph shown In Fig. 35 
6 shows the photoluminescence intensity as a func- 
tion of the temperature. As is apparent from Fig. 6, the 
intensity of 450 nm-light emission was not deteriorat- 
ed at a temperature of 600°C, proving that the cap 
layer acted effectively to suppress the decomposition 40 
of GaN. 

The reason why a low-resistivity p-type GaN ser- 
ies compound semiconductor can be obtained even in 
the electron beam irradiation at a temperature of 
60O°C or higher is substantially the same as that stat- 45 
ed In connection with the first aspect of the invention. 
Although a p-type-impurity-doped GaN series com- 
pound semiconductor exhibits a high resistivity, hy- 
drogen bonded to Mg or Zn in the form of Mg-H or Zn- 
H is released therefrom by heat when the semicon- so 
ductor Is heated over 600°C ( especially 700°C or 
higher. Thus, hydrogen leaves the p-type-impurity- 
doped GaN series compound semiconductor, and the 
p-type impurity such as Mg orZn now free from hydro- 
gen can act normally as an acceptor. Accordingly, a 55 
low-resistivity p-type GaN series compound semicon- 
ductor can be obtained. 

The third aspect of the invention is directed to a 



method of manufacturing a p-type If-VI Group com- 
pound semiconductor element by a vapor phase epi- 
taxy method, comprising the step of annealing the 
grown compound at a temperature of 300°C or higher. 

As stated, the annealing temperature is prefer- 
ably 300°C or higher. The annealing step may be car- 
ried out with keeping an annealing temperature con- 
stantly for at least 1 minute, preferably 1 0 minutes or 
more. 

The annealing may be carried out in a vacuum, 
or in an N 2 atmosphere, or in an inert gas atmosphere 
of He, Ne, Ar or the like, oran atmosphere of a mixture 
gas thereof. Most preferably, the annealing 9hould be 
performed in a I J Group gas atmosphere, or VI Group 
gas atmosphere, or an atmosphere of a mixture gas 
thereof which Is pressurizedto a level or higher of the 
decomposing pressure for the II-VI group compound 
semiconductor at the annealing temperature. If such 
pressured II Group gas, VI Group gas, or mixture at- 
mosphere is used for annealing the ii-VI compound 
semiconductor, decomposition of the compound dur- 
ing annealing can be prevented. 

As in the first and second aspects of the Inven- 
tion, a cap layer may be provided on the p-type-im- 
purity-doped II-VI Group compound semiconductor 
layer so as to prevent decomposition of the com- 
pound by heat. Similarly, the cap layer serves as a 
protection layer. When the cap layer is formed on the 
compound semiconductor, decomposition thereof 
can be avoided during annealing, regardless of the 
pressure state, i.e. not only in a pressurized condition, 
a pressured-reduced condition, or atmospheric con- 
dition. Thus, a p-type II-VI Group compound semicon- 
ductor having a low resistivity and a high crystallinity 
can be obtained. 

The cap layer may be made of an arbitrary mate- 
rial as long as it is formable on the II-VI Group com- 
pound, and stable even at a temperature of 300°C or 
higher. Preferable examples thereof are a II-VI Group 
compound semiconductor, Si 3 N 4 , and SiC^. Which is 
the most preferable material depends upon the an- 
nealing temperature. The cap layer, usually, should 
have a thickness in the range of about 0.01-5 um as 
in the first and second aspects of the invention. 

Fig. 7 Is a graph showing the relationship be- 
tween the annealing temperature and the resistivity 
of a ZnSe compound semiconductor into which nitro- 
gen atoms (N) are doped as a p-type impurity. As is 
clear from Fig. 7, the ZnSe compound semiconductor 
layer was become a low-resistivity p-type layer by an- 
nealing. The ZnSe compound semiconductor used 
here was obtained in the following manner. A 4 nm- 
thick ZnSe layer was formed on a GaAs substrate 
while doping N Into the layer in a stream of NH 3 as a 
source of a p-type impurity. In the same manner as 
described above some samples of ZnSe layers were 
obtained. Thus obtained ZnSe compound semicon- 
ductors were annealed for 10 minutes at various an- 
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nealing temperatures respectively In an nitrogen at- 
mosphere. The Half measurement was conducted on 
the annealed ZnSe compound semiconductor layer, 
to obtain the resistivity thereof.'.The graph shown in 
Fig. 7 shows the resistivity as a function of the an- 
nealing temperature. 

As is apparentfrom this figure, from an annealing 
temperature of 300°C on, the resistivity of the N-dop- 
ed ZnSe layer sharply dropped. When the annealing 
temperature increased at 400°C or higher, a substan- 
tially constant low-resistivity p-type property was ex- 
hibited, indicating the effect of annealing. For com- 
parison, the Hall measurement was conducted on a 
not-yet-anneiaed ZnSe layer, and the ZnSe layer an- 
nealed at 400°C or higher. The results showed that 
the ZnSe layer before annealing exhibited a resistivity 
of 600 n-cm, and a hole carrier density of 1 x 
10 15 /cm3 whereas those properties of theZnSe layer 
after annealing were 0.8 fi-cm, and 1 x lOWcm 3 , re- 
spectively. Although this figure shows the case of 
ZnSe, it was found that the similar results can be ob- 
tained in connection with p-type-im purity -doped ZnS, 
CdS, CdSe, or a composite crystal thereof. 

Further, the 4 nm-thick ZnSe layer annealed at 
400°C was etched to reduce the thickness to 2 ujti, 
and the Hall measurement was carried out The hole 
carrier density and resistivity were 0.7 Ci-cm, and 1 x 
10 1s /cm3 respectively, which were substantially the 
same as those of the layer before the etching. Thus, 
it can be concluded that a p-type-impurity-doped 
ZnSe layer is converted by annealing into a layer hav- 
ing a uniform low-resistivity and p-type properties 
over the entire area and in the thickness direction. 

The fourth aspect of the invention is directed to 
a method of manufacturing a p-type li-VI group com- 
pound semiconductor element by a vapor phase epi- 
taxy method, comprising the step of irradiating elec- 
tron beams on the grown compound while maintain- 
ing a surface temperature of said compound at 300 C C 
or higher. 

The surface temperature is maintained prefer- 
ably at a range of temperature of 400 to 800°C or high- 
en however, when it exceeds 800°C, the compound 
semiconductor tends to be degraded. 

Electron-beam irradiation is carried out usually at 
a acceleration voltage of 1 kV - 30 kV, and an SEM, 
EPM, etc. may be used as an electron beam irradia- 
tion device. 

As in the case of the third aspect of the invention, 
a cap layer can be provided. 

An N-doped ZnSe semiconductor film grown by 
the MOCVD method as same as above was placed 
in an electron beam irradiation device, and irradiated 
with electron beams of an acceleration voltage of 10 
kV while maintaining the surface temperature at 
400°C- Before the irradiation, the resistivity and hole 
carrier density of the ZnSe layerwere 600 n-cm, and 
1 x lO^/cm 3 , resp cth/ely, whereas those of the layer 



after the Irradiation were 0.8 Ocm, and 1 x 10 18 /cm 3 , 
respectively. 

The reason why a iow-resisth/lty p-type ll-V! 
Group compound semiconductor can be obtained by 
5 annealing or electron beam irradiation in the third or 
fourth aspect Is assumed as follows: . 

For growing a li-VI Group compound semicon- 
ductor layer, NH 3 is generally used as a source of N, 
which serves as a p-type dopant. During the growth, 
10 NH 3 decomposes to release atomic hydrogens. 
These hydrogen atoms bond to N doped as an accep- 
tor impurity to prevent N from serving as an acceptor. 
Therefore, a ll-VI Group compound semiconductor 
into which a Impurity N is doped exhibits a high resis- 
ts th/ity. 

However, during annealing or electron beam Irra- 
diation after growth of the layers, hydrogen bonded 
to N in the form of N-H may be released therefrom by 
heat due to annealing, or excitation due to electron 
20 beam irradiation. Thus, hydrogen leaves the N-doped 
ll-VI group compound semiconductor, and such nitro- 
gen now free from hydrogen can acts normally as an 
acceptor. Accordingly, a low-resistivity p-type ll-V 
Group compound semiconductor can be obtained. 
25 For the reason stated above, naturally, use of a gas 
containing hydrogen atoms such as NH 3 , H 2 , or the 
like during an annealing atmosphere is not prefer- 
able. 

In the meantime, most preferably, the electron 
30 beam irradiation may be carried out at an accelera- 
tion voltage of 1 kV - 30 kV so as to achieve a low re- 
sistivity with the highest reproducibility. If the accel- 
eration voltage is lower than 1 kV, the energy of the 
electron beams tends to not have a level sufficient to 
35 release hydrogen atoms, whereas rf it exceeds 30 kV, 
the electron energy gets so large that the sample 
temperature is raised too high even if a emission cur- 
rent is low. If the sample temperature Is too high, the 
sample itself is broken, making it difficult to control 
40 the state of the sample. 

Embodiment 1 

A sapphire substrate was well . washed, and 
45 placed in the susceptor in the reaction vessel. After 
creating a vacuum In the container, the substrate was 
heated at 1050°C for 20 mln In a stream of hydrogen 
gas so as to remove an oxide present in the surface 
of the substrate. Then, the substrate temperature was 
so cooled to 510°C. At a temperature of 510°C, TMG gas 
serving as a Ga source was introduced to the sub- 
strate at 27 x 10-* mol/mln., and so were ammonia gas 
serving as an N source at 4.0 l/min., hydrogen gas 
serving as a carrier gas at 2.0 l/mln, so as to grow a 
55 GaN buffer layer having a thickness of 200A on the 
substrate. 

Thereafter, supply of the TMG gas was stopped, 
and the substrate was again heated up to 1030°C. 
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Onto the GaN buffer layer, the TMG gas was again 
Introduced at 54 x 10-* mol/min, and so newly was 
Cp2Mg (cyclopentadienylmagneslum) gas at 3.6 x 
1 0-« mol/min for 60 mln., and thus an Mg-doped GaN 
layer having a thickness of 4 urn was grown on the 
GaN buffer layer. 

After cooling down, the substrate now having the 
above-described layers was taken out of the reaction 
vessel, and transferred into an annealing device, 
where these layers were annealed In a nitrogen at- 
mosphere at atmospheric pressure and 800°C for 20 
minutes. 

A Hall measurement was conducted on the an- 
nealed Mg-doped GaN layer. The result indicated that 
the Mg-doped GaN layer had good p-type character- 
istics, J.e., a resistivity of 2 n-cm and a hole carrier 
density of 2 x10 17 /cm 3 . 

Embodiment 2 

A GaN buffer layer and Mg-doped GaN layer 
were grown as in Embodiment 1. Then, supply of the 
Cp^Mg gas was stopped, and a 0.5 unvthick-GaN lay- 
er was grown thereon as a cap layer. 

As in Embodiment 1 , these layers were annealed 
in a nitrogen/argon mixture gas at atmospheric pres- 
sure and 800° C for 20 minutes in an annealing device. 
Then, etching was performed on the substrate to re- 
move the 0.5 um-thick-cap layer from the surface 
portion, and this the Mg-doped GaN layer was ex- 
posed. A Hall measurement was conducted on the an- 
nealed Mg-doped Ga N layer as in Embodiment 1 . The 
result Indicated that the Mg-doped GaN layer exhib- 
ited good p-type characteristics, Le., a resistivity of 2 
jB-cmand a hole carrier density of 1.5x1 0 17 /cm 3 . Fur- 
ther, the intensity of blue-light emission of photolumi- 
nescence at 450 nm was about 4 times as much as 
that of the GaN layer obtained In Embodiment 1. 

Embodiment 3 

A GaN buffer layer and Mg-doped GaN layer 
were grown on a substrate as In Embodiment 1 . Then, 
the substrate was transferred from the reaction ves- 
sel to an annealing device. These layers were an- 
nealed in a nitrogen gas at a pressure of 20 atms, and 
at a temperature of 800°C for 20 minutes in the an- 
nealing device. A Hail measurement was conducted 
on the annealed Mg-doped GaN layer. The result in- 
dicated that the Mg-doped GaN layer exhibited good 
p-type characteristics, i.e., a resistivity of 2 ftcm and 
a hole carrier density of 2.0 x 10 17 /cm*. Further, the 
intensity of blue-light emission of photoluminescence 
at 450 nm was about 4 times as much as that of the 
GaN layer obtained in Embodiment 1. 



Embodiment 4 

A GaN buffer layer and Mg-doped GaN layer 
were grown on a substrate as in Embodiment 1 . Then, 

5 the substrate was transferred from the reaction ves- 
sel to a plasma CVD device, where a 0.5 nm-thlck- 
Si0 2 layer serving as a cap layer was. formed on the 
Mg-doped GaN layer. 

After that, the substrate having these layers were 

10 put in an annealing device, where these layers were 
annealed in a nitrogen/argon mixture gas at atmos- 
pheric pressure and 1000°C for 20 minutes. Then, the 
SIO2 cap layer was removed with hydrofluoric acid to 
expose the Mg-doped GaN layer. A Hall measure- 

is ment was conducted on the annealed and Mg-doped 
GaN layer. The result indicated that the Mg-doped 
GaN layer exhibited good p-type characteristics, i.e., 
a resistivity of 2 n-cm and a hole carrier density of 2.0 
x1 0i 7 /cm 3 . 

20 For comparison, an Mg-doped GaN layer was 

formed on a substrate in the same manner as descri- 
bed above except that no cap layer was formed. It 
was found that the Mg-doped GaN layer with a cap 
layer formed thereon while annealing exhibited about 

25 20 times as much intensity of blue-light emission of 
photoluminescence at 450 nm of about as that of the 
Mg-doped GaN layer annealed without a cap layer 
formed thereon. 

30 Embodiment 5 

A GaN buffer layer and Mg-doped GaN layer 
were grown on a sapphire substrate as In Embodi- 
ment 1 , and then, supply of the Cp2Mg gas was stop- 

35 ped. After that, TMA gas and SiH 4 (monosilane) gas 
were newly Introduced at 6 x 1 0r 18 mol/min, and 2.2 x 
1 0r 10 mol/min. respectively, for 20 minutes so as to 
grow a 0.8 urn-thick Si-doped n-type Gao.ftA£ 0 .iN lay- 
er on the Mg-doped GaN layer. 

40 Supply of the TMG gas, TMA gas, and SiH* gas 

was stopped. While introducing hydrogen gas and 
ammonia gas, the substrate was cooled down to room 
temperature Then, the substrate now having these 
layers was transferred from the vessel into an anneal- 

45 Ing device, where these layers were annealed in a ni- 
trogen/argon mixture gas at atmospheric pressure 
and 700°C for 20 minutes. 

Thus, obtained was an element having a single 
hetero structure, i.e., a p-type GaN layer, and an n-ty- 

50 pe Gao^gAf ai N layer were formed on the sapphire. 

Next, a part of n-type Gao.9Afo.1N layer was etch- 
ed by a general method so as to expose a part of p- 
type GaN layer. Then, an ohmic electrode is provided 
for each of the layers, and the element was cut Into 

55 chip-like pieces by a dicing saw. Each of the electro- 
des were taken out from the n-type and p-type layers 
exposed on each chip. Each chip was molded into a 
biue-iight emitting diode. Th obtained light-emitting 
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diode exhibited characteristics, i.e., blue-light emis- 
sion with a peak wavelength at 430 nm, an output 
power of 90 uW, and a forward voltage of 5V, at a for- 
ward current of 20 mA. The exhibited light-emitting 
output of the blue-light emitting diode was as high as 
never reported before. 

Control 1 

Alight-emitting diode having a similar single het- 
ero structure to that of Embodiment 5 was manufac- 
tured in a similar manner to that of Embodiment 5 ex- 
cept that in Control 1 annealing was not carried out 
The obtained light-emitting diode exhibited a forward 
voltage of as high as 60V for a forward current of 20 
mA. A slight yellow-like color light emission was gen- 
erated, but the diode was broken as soon as it was 
turned on. Thus, the light emission output could not 
be measured. 

Embodiment 6 

A 200A-thick GaN buffer layer was grown on a 
sapphire substrate as in Embodiment 1. 

Then, supply of the TMG gas was stopped, and 
the temperature was raised to 1030°C. After that, 
TMG gas was introduced at 54 x 10-« mol/min, and 
SihU (monosilane) gas was newly at 2.2 x 10- 10 
mol/min, for 60 minutes so as to grow a 4 jim-thick Sl- 
doped n-type GaN layer on the GaN butter layer. 

Next, supply of the SiH 4 gas was stopped, and 
while Introducing a stream of Cp 2 Mg gas at 3.6 x 
10 8 mol/min for 30 minutes, a 2.0 u.-thick Mg-doped 
GaN layer was grown. 

After that, supply of the TMG gas and CpsMg gas 
was stopped, and in a stream of hydrogen gas and 
ammonia gas, the layers formed on the substrate 
were cooled down to room temperature. Then, the 
gas stream in the reaction vessel was replaced with 
that of nitrogen gas. In a stream of nitrogen gas, the 
temperature in the reaction vessel was raised to 
1000°C, and held at the temperature for 20 minutes, 
to carry out annealing of these layers. 

A llght-emfttlng diode was made from thus ob- 
tained element as in Embodiment 4 t and the light- 
emitting diode was turned on- The diode generated 
blue light with a light emission peak at 430 nm, and 
exhibited characteristics, i.e., an output power of 50 
uW at 20 mA and a forward voltage of 4V at 20 mA. 

Control 2 

Alight-emitting diode having a similar homo GaN 
structure was manufactured In a similar manner to 
that of Embodiment 6 except that annealing was not 
carried out The obtained light-emitting diode exhibit- 
ed a forward voltage of as high as 40V at a forward 
direction current of 20 mA. A slight yellow-like color 



light emission was gen rated, but the diode was brok- 
en as soon as it was turned on. Thus, the light emis- 
sion output could not be measured. 

The following are embodiments in the case where 
5 the grown GaN compound layer was treated with 
electron beam Irradiation. 

Embodiment? 

10 As in embodiment 1 , a GaN .buffer layer having a 

thickness of 250A was grown on a substrate. 

Thereafter, supply of the TMG gas was stopped, 
and the temperature of the substrate was again 
raised up to 1030°C. Onto the GaN buffer layer, the 
15 TMG gas was again introduced at 54 x 10** mol/min, 
and newly so was Cp2Mg (cyclopentadienylmagne- 
sium) gas at 3.6 x 10* mol/min for 60 min., and thus 
an Mg-doped GaN layer having a thickness of 4 um 
was grown on the GaN buffer layer. 

After cooled down, the substrate now having the 
above-described layers was taken out of the reaction 
vessel, and transferred into an electron beam irradia- 
tion device, where these layers were irradiated with 
electron beams having an acceleration voltage of 15 
kV while maintaining the surface temperature of the 
GaN layer at 800°C by a heater. 

The Hall measurement was conducted on the 
electron-beam-irradlated Mg-doped GaN layer. The 
results indicated that the obtained Mg-doped GaN 
layer had good p-type characteristics, i.e., a resistivity 
of 2 Q cm and a hole carrier density of 2 x lO^/crrr*. 

Embodiments 

A GaN" buffer layer and Mg-doped GaN layer 
were grown as In Embodiment 7. Then, supply of the 
Cp 2 Mg gas was stopped, and a 0.1 um-thick-GaN lay- 
er was grown thereon as a cap layer. 

As in Embodiment 7, these layers were irradiated 
with electron beams in the electron beam irradiation 
device while maintaining the surface temperature of 
the GaN layer at 800°C. Then, etching was per- 
formed to remove the 0.1 urn-thick-cap layer from the 
surface portion, and thus the Mg-doped GaN layer 
was exposed. A Hall measurement was conducted on 
the obtained Mg-doped GaN layer as in Embodiment 
1 . The result Indicated that the Mg-doped GaN layer 
had good p-type characteristics including a resistivity 
of 2 n-cm. Further, the Intensity of blue-light emission 
of photoluminescence at 450 nm was about 4 times 
as high as that of the GaN layer obtained in Embodi- 
ment 1. 

Embodiment 9 

An Mg-doped GaN layer was grown on a sub- 
strate as In Embodiment 7. Then, the substrate was 
transferred from the reaction vessel to a plasma CVD 
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device, where a 0.2 nm-thlck SiOz layer was formed 
thereon as a cap layer. 

After that, electron beam irradiation was carried 
out to the obtained layer wit h maintaining the surface 
temperature at 800°C in the irradiation device. Then, 
the Si02 cap layer was removed with hydrofluoric 
acid to expose the Mg-doped GaN layer. AHall meas- 
urement was conducted on the obtained Mg-doped 
GaN layer. The result indicated that the Mg-doped 
GaN layer had good p-type characteristics, i.e., a re- 
sistivity of as low as20 cm and a hole carrier density 
of 2.0x 10 17 /cm 3 . Further, the photoluminescence in- 
tensity at 450 nm was about 4 times as high as that 
obtained in Embodiment 7. 

Embodiment 10 

As in embodiment 7, an Mg-doped GaN layer was 
grown on a substrate in a reaction vessel, and the 
substrate was transferred into a plasma CVD device, 
where a 0.5 urn-thick Si 3 0 4 layer was formed on the 
grown layer as a cap layer. 

By use of an electron beam irradiation device, the 
obtained layers were irradiated with electron beams 
having an acceleration voltage of 15 kV while main- 
taining the surface temperature of the GaN layer at 
1000°C by a heater. Then, the Si 3 N 4 layer was re- 
moved by etching to expose the Mg-doped GaN layer. 
The Hail measurement was conducted on the elec- 
tron- beam-irradiated Mg-doped GaN layer. The re- 
suits indicated that the obtained Mg-doped GaN layer 
had good p-type characteristics, i.e., a resistivity of 2 
Clem and a hole carrier density of 2 x 10 17 /cm 3 . 

For comparison, an Mg-doped GaN layer was 
formed on a substrate in the same manner as descri- 
bed above except that no cap layer was formed. It 
was found that the Mg-doped GaN layer with a cap 
layer formed thereon had about 15 times as high In- 
tensity of blue-light emission of photoluminescence at 
450 nm as that of the Mg-doped GaN layer without a 
cap layer. 

Embodiment 11 

A 250A-thlck GaN buffer layer was grown on a 
sapphire substrate as in Embodiment 7. 

Then, supply of the onlyTMG gas was stopped, 
and the temperature was raised to 1030°C. After that, 
TMG gas was introduced at 54 x 10r* mol/min, and 
SiH* (monosilane) gas was newly at 2.2 x 10- 10 
mol/min, for 60 minutes so as to grow a 4 urn-thick Si- 
doped n-type GaN layer on the buffer layer. 

Next, supply of the SiH 4 gas was stopped, and 
while introducing a stream of Cp 2 Mg gas at 3.6 x 
10-« mol/min for 1 0 minutes, a 0.5 p.-thick Mg-doped 
GaN layer was grown. 

After that, supply of the TMG gas and Cp 2 Mg gas 
was stopped, and in a stream of hydrogen gas and 



ammonia gas, the layers formed on the substrate 
were cooled down to room temperature. Then, the 
substrate was transferred into a plasma CVD device, 
where an SiO* cap layer having a thickness of 0.1 urn 

s was formed. Next, as in Embodiment 7, by use of an 
electron beam Irradiation device, these layers were 
irradiated with electron beams while maintaining the 
surface temperature of the layer at 80O°C. 

The cap layer was removed by dipping it into hy- 

10 drofluoric acid, and a part of the p-type GaN layer of 
the obtained element was etched so as to expose a 
part of n-type GaN layer. Then, an ohmic electrode is 
provided for each of the layers, and the element was 
cut into chip-like pieces by a dicing saw. Each of the 

is electrodes were taken out from the n-type and p-type 
layers exposed on each chip. Each chip was molded 
into a blue-light-emitting diode. The obtained light- 
emitting diode exhibited characteristics, i.e., blue- 
light emission with a peak wavelength at 430 nm, an 

20 output power of 50 u.W at 20 mA, and a forward vol- 
tage of 4V at 20 mA. 

For comparison, another blue emitting element 
was obtained by electron beam irradiation in the 
same manner as above except that no cap layer was 

25 provided in this case. Using this blue light emitting 
element, a blue light emitting diode was obtained. The 
results of the measurement showed that the Mg-dop- 
ed GaN layer without a cap layer had an output power 
of 10 u.W at 20 mA. Although the foregoing describes 

30 with respect to embodiments of Ga x Af i. x N (where 0 
^ x ^ 1) compound semiconductors, a lil-V Group 
compound semiconductor according to the present 
invention is not limited to the Ga^t l x N and also a In- 
yGaj.yN can be used. 

35 The following are embodiments of manufacturing 

a p-type ll-VI Group compound semiconductor. 

Embodiment 12 

40 A GaAs substrate was well washed, and placed 

in the susceptor in the reaction vessel. After creating 
a vacuum in the container, the substrate was heated 
at 600°C for 10 min. In a stream of hydrogen gas so 
as to remove the oxidized surface portion of the sub- 

45 strate. Then, the substrate temperature was lowered 
to 350°C. As maintaining a temperature of 350°C, In 
a 60-mlnutestream of DEZgas serving as aZn source 
at 4.0 x 10-« mol/min., H^e gas serving as an Se 
source at 100 x 10H* mol/min., and NH 3 gas as a 

so source of N which serves as a p-type dopant at 200 
x 1 0- 6 mol/min, and hydrogen gas serving as a carrier 
gas at 2.0 l/min, an N-doped ZnSe layer having a 
thickness of 4 um was grown on the substrate. A Hall 
measurement was carried out on the grown N-doped 

55 ZnSe layer, and the results showed that the obtained 
N-doped ZnSe layer had a resistivity of as high as 600 
n-cm and a Hall carrier density of 1 x 10«/cm 3 . 
Next, the substrate having the layers was taken 
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out of the reaction vessel, and transferred Into an an- 
nealing device, where these layers were anneal d In 
a nitrogen atmosphere at atmospheric pressure and 
400°C for 20 minutes. A Hall measurement was con- 
ducted on the annealed and N-doped ZnSe layer. The 
result indicated that the N-doped ZnSe layer had 
good p-type characteristics, i.e., a resistivity of 0.8 
n-cm and a hole carrier density of 1 x 10 18 /cm 3 . 

Embodiment 13 

A GaAs substrate having a N-doped ZnSe layer 
grown thereon as in Embodiment 12 in a reaction ves- 
sel, was transferred into an electron beam irradiation 
device, where electron beam irradiation was carried 
out to the grown N-doped ZnSe layer at an accelera- 
tion of 1 0 kV. A Hall measurement was conducted on 
the obtained N-doped ZnSe layer. The results indicat- 
ed that the N-doped ZnSe layer had good p-type 
characteristics, i.e., a resistivity of as low as 0.7 O cm 
and a hoie carrier density of 1 x 1 O^/cm 3 . 

Embodiment 14 

An N-doped ZnSe layer was grown on a GaAs 
substrate as in Embodiment 12, and then a 0.1 um- 
thlck ZnSe layer was grown thereon as a cap layer. 

After that, as in Embodiment 12, the obtained 
substrate was annealed in an annealing device. Then, 
the surface portion corresponding to a 0.1 nm-thick 
layer was stripped by etching to remove the cap layer, 
thereby exposing the N-doped ZnSB layer. A Hall 
measurement was conducted on the obtained N-dop- 
ed ZnSe layer. The result indicated that the N-doped 
ZnSe layer exhibited good p-type characteristics, i.e., 
a resistivity of 0.6 n-cm and a hole carrier density of 
3x 10«/cm 3 . 

Embodiment 15 

An N-doped ZnSe layer was grown on a GaAs 
substrate as in Embodiment 12, and the obtained 
substrate was transferred from the reaction vessel to 
a plasma CVD device, where a 0.2 nm-thick-Si0 2 lay- 
er serving as a cap layer was formed on the N-doped 
ZnSe layer. 

After that, as in Embodiment 13, onto the entire 
surface of the obtained layer, electron beam irradia- 
tion was carried out at an acceleration of 1 5 kV. Then, 
the Si0 2 cap layerwas removed by hydrofluoric acid 
to expose the N-doped ZnSe layer. A Hall measure- 
ment was conducted on the obtained N-doped ZnSe 
layer. The results indicated that the N-doped ZnSe 
layer had good p-type characteristics, I.e., a resistivity 
of as low as 0.6 Ocm and a hole carrier density of 2.0 
x10«/cm*. 



Claims 

1. A method of manufacturing a p-type Hl-V Group 
compound semiconductor element by a vapor 

5 phase epitaxy method comprising the step of 

growing a III-V Group compound by Introducing a 
reaction gas containing a p-type impurity on a 
substrate, characterized in that said compound is 
annealed at a temperature of 400 D C or higher. 

10 

2. A method according to claim 1, characterized in 
that said lll-V Group compound is represented by 
general formula Ga x Af Vx N (where 0^x^1). 

15 3. A method according to claim 1, characterized in 
that a temperature of said annealing is in the 
range of 600°O1200 c C. 

4. A method according to claim 1 , characterized in 
20 that a cap layer is provided on said III-V Group 

compound before annealing. 

5. A method according to daim 4, characterized in 
that said cap layer is made of at least one material 

25 selected from the group consisting of Ga^Af ^JM 

(where Osxs 1) r IriyG^yN (where 0 ^ y ^ 1), 
AtN, Si 3 N, and SI0 2 . 

6. A method according to claim 1, characterized in 
30 that said annealing is carried out in a nitrogen at- 
mosphere pressurized to a point of a decomposi- 
tion pressure of the III-V Group compound at said 
annealing temperature, or higher. 

35 7. A method according to claim 1, characterized by 
further comprising the step of forming a buffer 
layer on the substrate before growing said III-V 
Group compound. 

40 8. A method according to claim 1 , characterized in 
that said buffer layer is made of GaN. 

9. A method according to claim 1, characterized in 
that said reaction gas contains at least one of a 

45 gallium source selected from the group consist- 
ing of trimethyl gallium, trimethyl aluminum and 
diethyl gatiium, and an aluminum source selected 
from the group consisting of trimethyl aluminum 
and diethyl aluminum, an indium source selected 

so from the group consisting of trimethyl indium and 
diethyl indium, and a nitrogen source selected 
from the group consisting of ammonia, hydrazin. 

10. A method according to claim 1, characterized in 
55 that said substrate is made of at least one mate- 
rial sel cted from the group consisting of sap- 
phire, SiC, GaAs, and Si. 
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11. A method according to claim 1, characterized In 
that said p-type impurity is at least one selected 
the group consisting of Zn, Cd, Be, Mg, Ca, and 
Ba. 

12. A method of manufacturing a p-type lll-V Group 
compound semiconductor element by a chemical 
vapor deposition method comprising the step of 
growing a IH-V Group compound by introducing a 
reaction gas containing a p-type impurity on a 
substrate, characterized in that electron beams 
are irradiated on said compound while maintain- 
ing a temperature of said compound at 600°C or 
higher. 

13. A method according to claim 12, characterized in 
that an acceleration voltage is controlled within a 
range of 1 kV - 30 kV in said electron beam irra- 
diation step. 

14. A method according to claim 12, characterized In 
that a temperature of said lll-V Group compound 
is maintained in the range of 600°C-120Q°C. 

15. A method according to claim 12, characterized in 
that said lll-V Group compound is represented by 
general formula GaxAf ,. X N (where 0 ^ x 2S 1). 

16. A method of manufacturing a p-type ll-VI Group 
compound semiconductor element by a chemical 
vapor deposition method comprising the step of 
growing a II- VI Group compound by introducing a 
reaction gas containing a p-type impurity on a 
substrate, characterized In that said compound is 
annealed at a temperature of 300°C or higher. 

17. A method according to claim 16, characterized in 
that a temperature of said annealing is in the 
range of 400°C-1200°C. 

18. A method according to claim 16, characterized in 
that said annealing is carried out in an atmos- 
phere of one of a II group gas, a VI group gas, and 
a mixture thereof, pressurized to a point or higher 
of a decomposition pressure of the ll-Vi group 
compound at said annealing temperature. 



rial selected from the group consisting of GaAs, 
ZnSe, GaP, and InP. 

22. A method according to claim 16, characterized in 
5 that said reaction gas contains at least one of a 

II group element source selected from the group 
consisting of diethyl zinc, diethyl cadomium, and 
diethy magnesium, and a VI group source select- 
ed from the group consisting of hydrogen sele- 
10 nide, hydrogen sulphide. 

23. A method according to claim 16, characterized In 
that said p-type impurity is at least one selected 
the group consisting of N, Li, and O. 

13 

24. A method of manufacturing a ll-VI Group com- 
pound semiconductor element by a vapor phase 
epitaxy method comprising the step of growing a 
ll-VI compound by introducing a reaction gas 

20 containing a p-type impurity on a substrate, char- 

acterized in that electron beams are irradiated on 
said compound while maintaining a temperature 
of said compound at 300°C or higher. 

25 25. A method according to claim 24, characterized in 
that a temperature of said compound is main- 
tained in the range of 300 0 C-1200°C, in said elec- 
- tron beam irradiating step. 

30 



35 



40 



45 



19. A method according to claim 16, characterized by 
further comprising the step of forming a cap layer 

on said compound before annealing. so 

20. A method according to claim 19, characterized in 
that said cap layer is made of at least one material 
selected from the group consisting of a ll-VI com- 
pound semiconductor, Si 3 N 4 , and Si0 2 . 65 

21. A method according to claim 16, characterized in 
that said substrate is made of at least one mate- 
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